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Accurate analytic representations of solar time and seasons on
Mars with applications to the Pathfinder/Surveyor missions

Michael Allison
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Abstract.  Efficient analytic recipes are presented for a
moderately accurate, closed-form calculation of the areocentric
longitude (Ls), analemmic “equation of time,” and solar hour
angles on Mars, along with an approximate recovery of the
Viking “Local Lander Time.” The adoptedfit to the fictitious
mean sun implies a Mars tropical orbit period of 686.9725%.

Introduction

The passage of Mars solar time and seasons is a combined
function of the planet’s rotation, obliquity, and anomalistic
motion along its eccentric orbit. No other planet in the solar
system exhibits such a pronounced and pervasive response to the
diurnal/seasonal modulation of temperature, winds, and surface
pressure, with attendant variations in water vapor, atmospheric
opacity, boundary layer, ground frost, and polar caps.

The accurate calculation of the solar hour angle is a much
more critical issue for Mars weather mapping than it is for the
Earth, not only on account of the planet’s five-times larger
orbital eccentricity, but also as a result of the very rapid cooling
of its relatively thin atmosphere. The “Golitsyn number” ratio
of the diurnal period to the radiative time constant is over 10
times larger for Mars than for the Earth, with a roughly
commensurate relative amplitude for the solar/tidal signal.

Compilations of the areocentric longitude (Ls) and solar
illumination at Mars are published in The Astronomical
Almanac (AA) by the U.S. Naval Observatory (USNO).
Similar information can be generated with the Multiyear
Interactive Computer Almanac (MICA 1990-1999), also
provided by the USNO, or with The Jet Propulsion Laboratory
(JPL) Navigational Ancillary Information Facility (NAIF)
software, both based on the JPL ephemerides taking account of
the N-body interactions among the planets. And Meeus (1995)
presents the Mars (hundredth-day) equinox and solstice dates for
the years 1646 to 2060, as computed with the high-precision
(“VSOP87”) theory of Bretagnon and Francou (1988).

Definitions of Mars solar coordinates as adopted for current
spaceflight missions have been recordedin JPL internal office
memoranda (e.g. Blume, 1986; Lee, 1995) but rely on a read-out
of computational ephemerides either inaccessible or only
awkwardly adapted to off-line planetary science studies. A NASA
technical memorandum (Kaplan, 1988) appearsto offer the only
published referenceto the recommended definitions, but with
outdated orbital/rotational elements. Although analytic formulae
for the moderately accurate calculation of the Earth-Solar hour
angles can be found in Yallop and Hohenkerk (1992) and
elsewhere, similar recipes for Mars have so far been lacking.

Analytic Mars/Solar Ephemeris

The daily/hourly advance of the Mars seasons and solar right
ascension can be prescribed in terms of the mean anomaly
M = L - w, or mean longitude with respect to the perihelion,
and the right ascension of the “fictitious mean sun” Opys
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representing the departure of the true areocentric solar longitude
Lg, as referencedto the planet’s vernal equinox, from the
“equation of the center” (v — M), itself the difference between the
true and mean orbit anomalies. In terms of these elements, the
following algorithm provides a moderately accurate, closed-form
representation of L, the solar right ascension and (planeto-
graphic) declination, oy and &g, along with an approximate
representation of the Mars heliocentric distance and longitude, ny
and Ap. As referencedby the elapsed time from the J2000
epoch (2000 Jan 1.5), with Atypgp0 = (JD -2451545.0),

M = 19°.41 + (0.5240212°/d)*Aty2000 )
O = 270°.39 + (0.5240384°/d)*A 000 @)

L, = ol + (10°.691 +3°.7 x 1077 d ™ Aty000) sin M
+0°.623 sin 2M + 0°.050 sin 3M + 0°.005 sin 4M  (3)

atg =L - 2°.860 sin2Lg + 0°.071 sindLg )
—~0°.002 sin6L @)

& = sin_1(0.4256 sinLg) + 0°.25 sinLg )]

ry = 1.5236(1.00436 — 0.09309 cosM
- 0.00436 cos2M — 0.00031 cos3M)AU ~ ©

Ay = L + 85°.06 + (0.000029°/d)*Atya000 Q)

Then reset each needed angle within 0-360°as e.g.
Lg — FractionalPart[1 + FractionalPart[ 3L6;°]]360° (8)

The given definition of the mean anomaly in Egn. (1) is
derived from the mean element representations of L and @ by
Standish et al. (1992), based on a numerical integration of the
JPL ephemerides over the years 1800-2050. The corresponding
fictitious mean sun defined by Eqn. (2) represents a consistent fit
over 120 Mars orbits (from 1834 to 2060) to the equinox and
solstice seasons calculated by Meeus (1995). This recovers the
opms determinations by Blume (1986) and Lee (1995) on behalf
of the Mars Observer and Global Surveyor Projects for their
intended epochs to within 0.01°, but takes a slightly smaller
mean motion (or larger period) than for their fit to a readout of
the JPL ephemerides over the anticipated course of these
missions. [Comparison with the specified FMS = -28°.217 +
0.524041(°/d)AT in Kaplan (1988) reveals an apparent typo-
graphical error. For AT the elapsed days since 1993 August 1.0
as indicated, Kaplan’s formula gives good agreement in the
corrected form FMS =-238.217° + 0.524041(°/d)AT.]

Eqn. (3) derives from a series approximation to the “equation
of the center,” carriedto fourth orderin the orbital eccentricity
(Taff, 1985), and provides an analytic representation of the
nonlinear progression ALs of the areocentric longitude shown in
Fig. 1 of Kieffer et al. (1992). The orbital eccentricity, 0.0934
for the currentepoch, increases at a rate of 1.2x10~* per century,
contributing the included ~3.7x10-7°/d long-term advance of the
solar longitude. The algorithm recovers the seasonal calculations
by Meeus (1995) to better than 0.04° in the areocentric longitude
for the 200 year interval 1850-2050, while comparison with the
A A shows agreement within 0.02° for current epochs.

Eqn. (4) is basedon an expansion of the “reduction to the
equator” (Lg — o) to a sixth-power dependence on the tangent of
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Table 1. Mars mean orbit and rotation elements (J2000).
Element Symbol Numerical Value
Perihelion Date tp 1999 Nov 25.46

(mean element) = JD 2451507.96
Areocentric longitude Lo 250°.98

of Perihelion
Anomalistic Year Tanom 686.99514

(perihelion-to-perihelion) = 668.61415°
Tropical Year Terop 686.97254

(fictitious mean sun) = 668.59215°
Mars Solar Day sol 24h39m35 2448

= 1.027491254
Orbital Eccentricity e 0.0934
+ 0.00012/dPost-J2000

Orbital longitude of (4 336°.04

Perihelion + 0°.000012/dpost-J2000
Mean Solar Distance a 1.52366 AU

(semi-major axis) = 2.27936 x 108km
Obliquity (Eqtr to Orbit) ¢ 25°.19
Prime Meridian from Vm 313°.6975

the Mars V.E. +350.8919851°/dPost-12000

(one-half) the obliquity € (Smart, 1962). Although a fixed value
of € = 25°.19 has been assumed, the included small difference in
the anomalistic and tropical orbit motions as given by Eqns. (1)
and (2) accounts for the precessional advance of the areocentric
longitude over successive orbits. Eqn.(5)includes a small (0°.25
or less) correctionto the planetographic declination as measured
with respect to the oblate surface of the planet, assuming a
geometrical flattening of 0.006 (Smith and Zuber, 1996).
Eqn. (6) for the radial distance excludes any account of
heliocentric latitude B, as for the ecliptic projected (“curtate”)
solar distancergp =r cosf, but with B no larger than the (1°.85)
inclination of Mars, Ir — rgpl is everywhere less than one-
thousandth of an A.U. The neglected change in the mean solar
distance is itself less than one part in ten-thousand over 200
years (Standish et al., 1992). Eqn. (7) for the heliocentric
longitude (Ls + @ — Lsp) neglects the projected “reduction to the
ecliptic,” of order tan2(i/2), everywhere less than 0.02°, but takes
account of the advance of the perihelion.

Table 1 providesan alternate numerical representation of the
Mars mean orbit and rotation elements as adopted by the
algorithm. The indicated 686.97259 Mars tropical year corre-
sponds to the daily rate for the fictitious mean sun. The exact
interval for the orbital repetition necessarily varies, however,
with the choice of L, as prescribed by Egs. 1-3. The associated
period for the successive passage of the vernal equinox, for
example, is approximately 686.9719, consistent with the (1870-
2049) dates derived by Kieffer et al. (1992) from the USNO
ephemerides. (Thereis a similar ambiguity regarding the Earth’s
tropical year, given as 365.24229 for the fictitious mean sun,
whereas the vernal-equinox period is more nearly 365.24239,)

For some purposes it is also useful to have a quick recipe for
the time of a particular areocentric longitude. An approximate
functional expression for the Julian Date of season Ls within the
nth orbit of Mars since the 1996 August 26 Vernal Equinox, is

JD(Ls,n) = 2451029.0 + 1.90826(/9Ls — 20.42 sin(Ls —251°
+ 0.72 sin2(Ls —~ 251°) + 686.97+IntegerPart[n — 1].  (9)

With n=0 this retrieves the seasonal dates for the Pathfinder
mission, while n =-11 recovers the first year of the Viking era
(but only to the nearest tenth day within 325 yrs of the present).

Clock Time and Hour Angles

The seasonally variable deviation between the uniformly
moving fictitious mean sun and the true solar right ascension
owing to the eccentricity of a planet’s orbit and the obliquity of

its pole vector is defined as the “Equation of Time,” EOT =
OpMS — O, and given by the algorithm listed above for Mars as

EOT = 2°.860 sin 2L — 0°.071 sin 4L + 0°.002 sin6L
- {(10°.691 + 3°.7 x 10~ 7d~ 1Atyp000) sin M
+0°.623 sin 2M+ 0°.050 sin 3M + 0.005° sin4M}. (10)

The EOT may then be converted to solar minutes by a multipli-
cation of 4 (minutes/°). Since the right ascension of the true
sun (o) really corresponds to tan“l(cose tanLs), the error of the
given ]iOT recipeis comparable to the error in the associated L
(equivalent to about £10 sec of “clock time”).

The variation of the EOT in Mars minutes over the solar
seasonal cycle is shown in Fig. 1, along with the implied
ongoing change in the length of the true solar day in Mars
seconds. The EOT is zero at Ls = 57.7° and 258.0° for the
current epoch, with a maximum of 39.9 minutes at Ls = 187.9°
and a minimum of —51.1 minutes at Ls = 329.1°. Equivalently,
the true Sun on Mars varies from 10° west of the FMS just after
the Autumnal equinox to nearly 13° east in the northern mid-
winter. On the Earth, for comparison, the EOT varies only
between —14.2 and +16.3 minutes.

Figure 2 presents the related Mars “analemma,” a parametric
plot of the Equation of Time vs. the solar declination, as
previously computed by Harvey (1982) for each planet in the
Solar System. The Martian analemmic teardrop may be
compared with the corresponding “figure-8” pattern for the Earth,
as shown on some globes. The difference owes both to the over
fives times larger eccentricity of Mars as well as the occurrence
of its perihelion prior to rather than after the solstice.

Once calculated, the Equation of Time may be referenced as
the difference between the true solar time and the mean solar
time. Andlocal (true or mean) solar time is then definedby the
difference in right ascension between a given location and the
(true or mean) Sun. Blume (1986) has recommended the
adoption of these conventional definitions as the basis for time
scales on Mars, as appropriate to spacecraft reconnaissance.

The practical calculation of the daily clock time requires a
specific calibration with respect to the planet’s vernal equinox of
the Prime Meridian running through the small crater “Airy—0" in
the Terra Meridianiregion. Davies (1977) determined this with
respect to the J1950 epoch from triangulated Mariner 9 images
and preliminary Viking Lander radio tracking. The indicated
definition in the table appropriate to J2000 represents a small
forward adjustment (by approximately 0°.30) of the value
currently adopted by the AA, consistent with the recently
reported fit to six years of Viking Lander tracking databy Yoder
and Standish (1997) who specify the Mars prime meridian as

Vi =(252°.3003 - 180°) + 350°.8919851(JD-2444239.5) (11)

plus modeled seasonal variations ~ 2 milli-arcsec. (The 180°
shift as included here is required for the transformation from a
sun-centered to a planet-centered referenceto the Mars equinox.)

sols post-V.E.
0 100 200 3m 40 500 600

EQT (min)

AEOT/sol .
(sec) .

0 380 60 90 120 150 180 210 240 270 3 33 360
Ls

Figure 1. The Equation of Time (EOT) in Mars minutes over
even increments of the areocentric longitude Ls (plotted as the
solid curve) and the variation in the length of the true solar day
in Mars seconds (dashed). The corresponding number of Mars
sols elapsed post-equinox is indicated along the top.
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Figure 2. The Mars analemma, showing the variation of the
solar declination (in deg) along the vertical axis with the
Equation of Time (in min) along the horizontal axis for the
marked clockwise advance of 10-sol intervals over one orbit.
Approximate LTSTs for sunrise/sunset in 5 min intervals at the
Pathfinder target site are indicated by the grid.

The Mean Solar Time on the Mars prime meridian as measured
with respect to 0" “midnight” is then given as

MST=FractionalPart[(V ,,—0tpps+180°)/360°124Mars hr - (12)

Once calibrated with respectto a particular epoch, the conversion
of a date and hour in Terrestrial Time amounts to the calculation
of the appropriate remaindered fraction of the Mars) solar day,
related to the s1dereal rotation period as dyg) = dsjg/(1 - dsig/Trrop)-
With dgg =24 hr37m)7 6635 and Tirop = 686.9725 day, the Mars
mean solar rotation period is evaluated as 1.02749125 day.

As simplified by reference to a specific occurrence of the
Mars prime meridian midnight established prior to any time of
current interest (e.g. 1970 April 15 at 12:00 noon Terrestrial
Time), the mean solar time formula can then be prescribed as

MST=Fractiona1Part[(IDTT—2440692.000)/1.02749125]24hr. (13)

Then the Mars local mean solar time at some longitude Ay
on the planet (measured westward from the prime meridian
according to the planetary cartographic convention in the range
0-360°) can be evaluated as

LMST = MST - Ay (24hr/360°) (14)
and the local true solar time as
LTST = LMST + EOTe«(hr/15°). (15)

In practice each hour angle should be reset to 0-24hr as, e.g.
LTST—FractionalPart{1 + FractionalPart[LTST/24]]24hr, (16)

and then translated as desired from fractional hours to minutes.
The corresponding sub-solar (west) longitude is just

Asubsol = MSTe(15%hr) + EOT - 180°. a7

For the most exacting purposes, it should be noted that the
given Mars hour-angle formulae have been calibrated for use
with Terrestrial (Dynamical) Time (TT), or Ephemeris Time
(ET) as used prior to 1984, measured in strictly even increments
of SI seconds, currently defined with referenceto atomic clocks.
Precise applications must account for the distinction between TT
and the Universal (Coordinated) Time (UTC) or the former
Greenwich Mean Time (GMT), as used for civil time keeping,
periodically adjusted for the variable advanceof terrestrial mean
solar time, largely as a result of the lunar-tidal despinning of the
Earth’s rotation. As of 1997, TT =UT + 63 sec (c¢f. the A A).
An approximate correction for other times within the
1850-2050 epoch (accurate to within 4 sec for 1950-2000) is

TT - UTC = 665 + 0. 955“(At12000/365 25)
+ 0.00355%C(A ty000/365.25)%

where again Atyygpp measures the days elapsed post-J2000.

It should also be emphasized that the above equations exclude
the variable (3 — 22 minute) light-time displacement Tyqg of
Earth with respect to Mars (often comparable to the EOT) and
therefore strictly apply only to Mars time as reckoned by an
Earth clock transportedto Mars. High-precision conversions to
the elapsed proper time on Earth may eventually require some
new definition of Martian Coordinate Time analogous to
Barycentric Coordinate Time, accounting for the relativistic
effects of orbital motion, planetary rotation, and gravitational
potential. For present practical purposes, the corresponding
“look-back” or Earth-observedtime for a given coordinate time
on Mars can be estimated as tEOB= t — Tyg, where the light-time

TME=[T2 + 12 - 2rg iy cos(hy — A)]/2(499%°¢/AU), (19)
with the Earth’s heliocentric distance and longitude given in
terms of

g =357°.528 + (0.9856003°/d)*Aty2000 (20)
rg = (1.00014 - 0.01671 cos g — 0.00014 cos2g)AU (21)

(18)

Ag = 100°.472 + (0.9856474°/d)*Atyp000
+ 1°.915 sing + 0°.020 sin2g. (22)

(cf. page C24 of the AA.) As a comprehensive check on the
computer-coded interpretation of the given algorithm, interested
users may readily confirm that the “apparent” sub-solar longitude
implied by Eqn. (17), with MST and EOT evaluated for
t — TME*(d/86,4005°C), consistently recovers (to approximately
+0°.01) the tabulated values on pages E65 and E67 of the AA
plus the 0°.30 forward adjustment of the revised determination of
the Mars prime meridian by Yoder and Standish (1997).

Applications to Mars Missions

Measurements from the (1976-1982) Viking Lander mission
were tagged with the “Local Lander Time” or LLT. No precise
definition of this can be found in the literature, however, and it
has not been recovered by the Pathfinder navigation team at JPL
(W.H. Blume, private communication, 1997). According to
Colburn et al. (1989) the Viking LLT was defined so that the
Sun would cross the nadir meridian at midnight on the first sol
after touch-down, but otherwise took no account of the
subsequent progression of the EOT. This suggests that the
Viking LLT might be represented as VLLT = MST +
EOT(tyL) — AvL(24hr/360°), with MST the same as defined in
this study, EOT(tyr) the associated equation of time on the date
of landing, and Ayy, the lander longitudes. The EOT was
0.287 hr for the Viking 1 landing, at typ; = JD 2442980.0
(1997 July 20.5), and 0.385 hr for tyy, = JD 2443025.4 (1976
Sep 3.9), with targeted longitudes of 47.5°W for VL1 and 226°W
for VL2 (Masursky and Crabill, 1976a,b). These would then

imply
VLI1-LLT = MST - 2.88 hr 23)



1970

VL2-LLT = MST - 14.69 hr,

in good agreement (to one minute precision) with a lengthy
table provided by Colburn et al. of measured optical depths
tagged with the LLT and corresponding “fractional 1976 day
number” (elapsed since JD2442777.5) over some 800 sols and
with the event labels for the Viking Landerimage browser at
Washington University’s Planetary Data Systems (PDS) node
(http://wundow.wustl.edw/imdb/archive.html). A slightly differ-
ent time calibration appeared in the original Viking image
catalog, however, as excerptedin the Viking Lander Imaging
Team’s The Martian Landscape (1978), perhaps incorporating
some variable light-time adjustment of the corresponding GMT
on Earth. At any rate, the Viking lander LTST, periodically
over one hour behind the adopted LLTs, could now be evaluated
with the given algorithm from the corresponding Earth event
times and the recovered west longitudes of 48°.26 and 226°.03,
for VL1 and VL2, respectively (Yoder and Standish, 1997).

The Pathfinder spacecraft was navigated toward a Mars
landing on 1997 July 4 at approximately 16:57 UTC, within a
target ellipse in the Ares Vallis region centered at 33°.1 West
longitude and 19°.43 North latitude, for a predicted LTST
touchdown of 03:01. Sunrise/sunset, corresponding to a £90°
solar zenith angle with respect to the local normal surface at
latitude ¢, may be estimated to occur at an LTST of
1207+ (2407360°)Cos™ ! (-Tan¢*Tand), where & is the
seasonally variable solar declination given by Eqn. (5). For the
Pathfinder target latitude this may then be approximated as

LTSTpesgsr = 120+ {677+ 1.41™MIN85(1 +0.000118s2)} (25)

(for 8s in deg). The Mars analemma may therefore be interpreted
by an appropriate change in the scale for the declination axis as a
charted almanac for Pathfinder sunrise/sunset, as also indicated in
Fig. 2. (Exacttimes will dependupon the actual landing coordi-
nates and local topography.)

Mars solar timing will also be critical to the interpretation of
data from the Global Surveyor and follow-on Surveyor 98
spacecraft, both designedfor pole-to-pole mapping orbits with
fixed or only slowly precessed nodes with respect to the
fictitious mean sun. The analysis of daily global weather maps
will be an important objective of these missions, based on
measurements from the Thermal Emission Spectrometer (on
Global Surveyor) and the Pressure Modulator Infrared Radio-
meter (or PMIRR on Surveyor 98) and the data assimilation will
need to account for the diurnal solar tide. Although the day/night
difference in upper-level temperatures should afford some
characterization of this, the atmospheric response calculated by
Zurek (1976) also shows a rapid vertical variation of the hour-
angle of maximum amplitude and sub-critical Richardson
number (Ri<1/4, as for the onset of turbulence). The nominal
5km vertical resolution of PMIRR (¢f. McCleese, 1992) may
permit the deconvolution of this structure, but only by an
accurate account of the true solar forcing including the EOT.

The daily “AEOT” as indicated in Fig. 1, implies a 60 sec
variation in the length of the true solar day on Mars in the
course of its orbit, and may itself contribute some fine-tuning
adjustment to the resonant forcing of pseduo-diurnal waves
plausibly detected by Tillman (1988) as annually synchronized
transients in the Viking lander pressure data. One class of these
occurs shortly before the global dust storms, while the other
tends to occur under relatively clear conditions near the most
pronounced annual surface pressure minimum, at Lg = 145°
Although the variable temperature and dust load are probably of
controlling importance to the wave forcing for both seasons
(cf. Zurek, 1988), the mid-summer episodes also coincide with
the most extended interval of nearly unvarying true solar days.
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Cover. The Mars analemma, showing the solar declina-
tion on the planet and the corresponding “equation of
time” (EOT) for the departure of the fictitious mean sun
(FMS) from the true solar hour angle as these vary over a
full Mars orbit. The clockwise seasonal advance is marked
in increments of 10 Mars solar days (sols), as referenced to
the Pathfinder landing, along with the indicated areocen-
tric solar longitude (Ls), defined as 0° for the vernal equi-
nox. The horizontal grid lines indicate the local true solar
time (LTST) for sunrise in 5-min increments at the Sagan
Memorial Station (latitude 19.3°N, longitude 33.5°W) in
the Ares Valles, including a roughly 1-min timing correc-
tion for the apparent solar semidiameter. The aspect ratio
for the plot has been chosen so that scaled intervals for the
corresponding solar longitudinal displacement of the EOT

in (15/60 min) degrees would match the declination incre-
ments in the same angular units.

An accurate account of the EOT and true solar hour
angle is much more important for Mars weather analysis
than for analysis of the Earth’s weather because Mars’
orbital eccentricity is more than 5 times larger than Earth’s
and because the thin Martian atmosphere heats and cools
much more rapidly in response to the diurnal solar tide.
Although the LTST on Mars can be determined by refer-
ence to computational ephemerides, it may also be effi-
ciently derived for use in atmospheric analysis and space-
craft experiment planning to moderate (~10's) accuracy by
an appropriate calibration of extended trigonometric series
in the orbital mean anomaly and FMS. (See the paper by
M. Allison, this issue.)
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